A manual system of chainsaw and cable skidder, along with a mechanized system consisting of feller-buncher and grapple skidder were examined to determine the amount of soil compaction in two central Appalachian hardwood forest sites. Examinations of soil bulk density (lbs/ft 3 ) were made pre-harvest and post-harvest for each harvest unit. Observations were conducted along the skid roads in conjunction to distance from the landing. Sample points were also taken systematically through each harvest site. The physical condition was recorded using a nuclear density probe. Data were analyzed statistically to determine the effect of operational variables on soil impacts. Results indicate that timber harvesting does affect the soil compaction levels in the woods, as well as along skid roads. Soil compaction also varies by different soil moisture level and soil series.
INTRODUCTION
The use of forest roads and equipment has been increased due to selective harvesting of timber. Harvesting machines used for thinning sometimes cause residual stand and root damage with additional soil compaction, rutting, and nutrient relocation on the site (McNeel and Ballard 1992) . Recent advances in harvesting techniques and product utilization have resulted in increasing occurrence of removing the entire aboveground biomass of trees. These methods are efficient, but require the use of heavy equipment, which may reduce site productivity by compacting the soil and/or disturbing the litter layer (Steinbrenner and Gassel 1955 , Froehlich 1979 , Donnelly and Shane 1986 . As extraction equipment has evolved from crawler-type tractors to wheel skidders and as felling machines have progressed from chain saws to mechanized harvesters, the percentage of disturbance has increased (Martin 1988) .
During the past decade, forest harvesting methods available for the central Appalachian hardwood forests have evolved. Increased rates in worker's compensation, along with the demand for more production, have led to more mechanized harvesting operations throughout the region. Soil changes caused from a mechanized system are unknown at this time due to the variability of soil types, site conditions, harvest types, harvest systems, and season of the year. While mechanized trafficking is believed to cause soil compaction or other effects to the soil the variability throughout the central Appalachian hardwood forest also makes the degree of change uncertain. Evaluations of the soil impacts among harvesting systems, silvicultural treatments, soil types, and soil conditions seem necessary in the region. The objectives of this study are especially to:
(1) examine if the occurrence of soil compaction is significantly different between two commonly-used ground-based harvest systems in central Appalachian hardwood forests, (2) physically examine the amount of soil compaction on the skid roads and across the site by soil type, soil moisture, site condition, and harvest system, and (3) statistically analyze the amount of soil compaction associated with the harvest system, soil type/moisture, and site conditions.
METHODS
Two study sites were located on Mead-Westvaco's forest in Randolph County, West Virginia and were similar in size. The manual harvesting system consisted of two timber fellers using chainsaws, one rubber-tired cable skidder, and one bulldozer. The manual harvesting tract was 31 acres in size and tree volume removed was 3600 BF (Doyle scale) per acre. The study area with north-facing slope was moderately steep (approximately 30 to 40%). Soils for the manual harvest site are primarily Gilpin series (GkE), though it is Buchanan (BtE) near the valley bottom. Feller-buncher and grapple skidder were the two major machines used in the mechanized system. The mechanized harvesting site was 34 acres and volume removed per acre was 5765 BF. The mechanized site was north facing with approximately 10-20% of slope. Soils for the mechanized harvest site consists of Buchanan (BtE), Gilpin (GdE), and Lily (LyC) series.
Two harvesting sites were assumed similar in terms of stand and terrain conditions. The two treatments applied were manual harvesting system and mechanized harvesting system. Soil sample plots were pre-determined prior to harvest. Soil samples were taken on skid roads and throughout two harvested sites. Points were systematically located in the harvest sites, while the points on the skid roads were randomly placed. A GPS unit was used to map, record, and relocate the sample locations.
Thirty sampling locations were installed in each of two harvesting sites, which were systematically laid out using a grid of 3 by 3 chains. Four samples were taken at each location at random direction and distance. The direction was determined much like using your second hand on a wristwatch and the distance will be a random length up to 15 feet. Six samples were taken at a cross section on the road. A total of 60 points were measured at 10 cross sections on the skid road in manual harvesting site while 84 points were recorded at 14 cross sections on the road in mechanized site. The soil compaction associated with the first ten-loaded skidder passes were recorded at the first four cross section samples on the skid road in each site. The locations of the samples in relation to the log landing also were measured.
A Troxler density and moisture gauge was used to measure the soil density and soil moisture, which allows taking more samples and provide more accurate measurement. The Troxler can measure bulk density and soil moisture from 2 inches deep to 12 inches deep in increments of 2 in. Samples were measured six inches from the top of the surface to obtain soil bulk density in this study.
The independent variables measured were harvest type, harvest status (pre-harvest and post-harvest), soil types, and soil moisture. The quantitative measurement for the variable was dry density (DD) (lb/ft 3 ) that is the weight of the soil per unit volume. The soil compaction was computed by differentiating dry soil bulk densities after and before harvests. The general linear model (GLM) was used to test if the significant differences of soil density or compaction exist among harvest system, harvest status, and soil moisture levels. Tests were performed using Duncan's multiple-range test at 0.05 level.
RESULTS
For the points in the woods on the manual harvest site, the mean pre-harvest soil bulk density was 65.75 lb/ft 3 , while mean post-harvest soil bulk density was 67.00 lb/ft 3 . An increased compaction level of 6.08 lb/ft 3 was present on the manual harvest site. On the mechanized harvesting site mean pre-harvest soil bulk density was 59.31 lb/ft 3 and mean post-harvest soil bulk density was 59.48 lb/ft 3 . The mechanized harvesting site showed an increased compaction level of 1.82 lb/ft 3 DD after harvest. Dry bulk density (F = 40.20; df = 1, 479; P = 0.0001) was significantly different between harvesting systems. However, there was no significant difference for DD (F = 0.43; df = 1, 479; P = 0.5147) between harvest statuses. Soil moisture did significantly affect the soil bulk density or compaction. DD decreased as soil moisture level increased from 15% to 70%.
Mean pre-harvest soil bulk density on the roads in the manual site was 85.88 lb/ft 3 . Mean post-harvest soil bulk density was 93.16 lb/ft 3 , showing an increased compaction level of 9.35 lb/ft 3 on the manual harvesting site. On the mechanized harvesting site mean pre-harvest soil bulk density was 81.88 lb/ft 3 . Mean post-harvest soil bulk density was 86.16 lb/ft 3 , showing an increased compaction level of 7.88 lb/ft 3 . For the points on the road, DD (F = 15.39; df = 1, 287; P = 0.0001) was significantly different between harvesting systems. Similarly, there was no significant difference of DD (F = 16.01; df = 1, 287; P = 0.0001) between harvest statuses. The interaction between harvesting system and harvest status showed a significant effect on DD (F = 1.14; df = 1, 287; P = 0.2874). Soil moisture groups showed a trend that the lower the soil moisture the higher the soil bulk density. However, the higher the soil moisture the higher the soil compaction level. Soil moisture did significantly affect the compaction levels.
The mean pre-harvest soil bulk density was 88.32 lb/ft 3 on the manual harvesting site, which increased as the number of loaded machine passes increased (Figure 1) . A decrease in soil compaction was shown after three or four passes. This might be attributed to the rutting observed after three or four-loaded machine passes. As the soil was displaced, the bulk density decreased some. Then, as the soil displacement minimized, the bulk density increased as the number of loaded machine passes increased. The soil bulk density increased to 97.20 lb/ft 3 after 10-loaded machine passes. The soil bulk density on the mechanized harvesting site indicated a similar increasing trend as the number of loaded machine passes increased. However, as in the manual system a decrease in soil compaction was noticed as soil displacement occurred. A smaller decrease in soil density was recorded as rutting occurred. In addition, as the displacement minimized the bulk density increased as the number of loaded machine passes increased. An average bulk density of 78.22 lb/ft 3 before harvest on the mechanized harvest site was observed and it increased to 88.75 lb/ft 3 after five machine passes and 95.60 lb/ft 3 after ten passes. 
DISCUSSION
There are three reasons why the mean dry bulk density is lower on the mechanized harvest site than that on the manual harvest site. The manual harvesting operation started in the late spring and experienced approximately 6.5 inches of rainfall, while the mechanized system began in late July and finished in two weeks and had no rainfall. Secondly, the mechanized harvest site was preplanned and skid roads were put in two to three weeks prior to harvesting operations. There were no points in the woods that fell on the skid road system on the mechanized site. On the manual harvesting site, however, the skid roads were built as the operation progressed. Therefore, five locations for points in the woods were ultimately located on a skid road. Harvesting conditions such as the slope can also contribute to this as well as preplanning or lack of planning. Finally, operator experience contributes to the amount of ground disturbance. The crew for the mechanized harvest system had no wasted motion. The feller-buncher bunched trees and the skidder got all the bunched trees in one turn. However, the cable skidder operator on the manual harvesting site sometimes skidded logs from the same point along the skid road three or four times before moving to another location.
Higher soil bulk density was also observed on the skid roads in the manual harvesting site as compared with the densities on the skid roads in the mechanized site. The reasons are as follows: (1) the ground pressure for the TimberJack 460 cable skidder used in the manual site was 7.2 (psi), while the ground pressure for the John Deere 648GII grapple skidder in the mechanized site was 6.4 (psi); (2) the manual harvesting site had more precipitation during the harvest; and (3) the operator of the John Deere 648GII cut tracks while skidding, on the mechanized site. This means the machine never ran in the same place twice. The skidder operator used the whole width of the road instead of traveling in the same wheel tracks.
The higher the soil moisture the more likely the soil is to be compacted. The soil moisture tends to be low after road construction. The moisture dried out after the road was established. The loggers running the manual harvest system built roads as the harvest progressed. Therefore, the soil moisture was higher than in the pre-planned roads on the mechanized system. This might have contributed to a higher compaction level on the skid roads.
Both harvesting systems showed an increase in soil compaction with the number of loaded machine passes. A small decrease in soil compaction was recorded as rutting began to occur for both harvest systems. For both systems, the soil compaction increased as the rutting stopped. However, more samples might help to improve the accuracy of this observation.
The finding in this study can give a new base line for future studies. Further study is needed to evaluate silvicultural treatments such as clearcut vs. partial cut using the same harvesting system. Future monitoring should also include evaluating the fate of compacted soil on the skid roads. Soil bulk density should be evaluated each year or even every six months to determine how long it takes the soil to return to its original bulk density. Compaction did occur on skid roads, however, trees have grown on old skid roads. It would be beneficial to continue to evaluate the soil density for productivity purposes. The differences in the soil types for each site made it impossible to compare. Similar harvest sites with the same soil types would be beneficial for determining soil compaction by soil types.
